I. Nomenclature

II. Introduction
T boundary layer trailing-edge (TBL-TE) noise is a major contributor to the overall broadband noise generated by modern wind turbines [1] and airframe noise for aircraft [2] . This aeroacoustic noise source has been subjected to research during the past decades to gain physical understanding and eventually find efficient noise control methods. TBL-TE noise is produced by a turbulent boundary layer convecting over the trailing edge of a lifting device [3] ; accordingly, TBL-TE noise reduction approaches aim either at decreasing the energy content of turbulent structures and/or their spanwise coherence length at the trailing edge, or reducing the scattering efficiency of the surface discontinuity. Among others, serrations [4] [5] [6] , brushes [7] , finlets [8] , aeroacoustic optimization of airfoil shape [9, 10] or boundary layer suction/blowing [11, 12] have been claimed as effective means to control TBL-TE noise, and some of them are currently being employed in the industry [13] .
The application of permeable materials at the trailing edge also represents a promising TBL-TE noise abatement technique. Previous experiments report up to 11 dB noise reduction with respect to a reference (solid) case [14] [15] [16] for materials that establish flow communication between suction and pressure sides. This communication requirement could be fulfilled by applying homogeneous permeable materials with different micro-structures at the trailing edge: fiber felts [17] , polyurethane foams [15] , micro-perforated plates [18] or open-cell metal foams [19] . However, the permeability of most of these materials is altered, hence their capability to abate noise [20] , when using conventional machining processes to shape them.
Recently developed manufacturing techniques such as 3D-printing [21] allow constructing permeable trailing edge inserts simply connecting suction and pressure sides of the airfoil with straight channels [22] . This possibility is specially interesting since it would allow to manufacture trailing edges with tailored permeability. Yet, it is important to determine if the differences in the internal structures of channeled and foam-based inserts play a role in their noise attenuation performance.
In the current manuscript, two different permeable trailing-edge designs are tested on a NACA 0018 at angles of attack α of 0 and 4.8 • and chord-based Reynolds numbers Re c of 3.4×10 5 and 5.4×10 5 . The designs are based on the repetition of channels with axis normal to the chord, connecting suction and pressure sides of the trailing edge along the last 20% of the chord. The two perforated inserts have the same hole diameter d h but different permeability K, obtained by varying the spacing between holes l h . The noise scattering of the two perforated trailing edges, with an arranged micro-structure, are compared to that of open-cell metal foam inserts having different (random) micro-structure but similar permeability.
The current study is organized as follows. First, the experimental set-up, the 3D-printed inserts and the acoustic phased array are described in section III. Then, far-field noise measurements are discussed in section IV. Finally, in section V a summary of findings is given.
III. Experimental Set-up
A. Wind Tunnel and Model
The experimental investigation is performed in the anechoic vertical open-jet wind tunnel (A-Tunnel) of the Low Speed Laboratory (LSL) at Delft University of Technology. Experiments can be carried out at a maximum free-stream velocity of 45 m/s in the rectangular test section (40×70 cm 2 ). The turbulence intensity is below 0.1% and the streamwise velocity is uniform across the test section within 0.5% for all working conditions. The model, depicted in Fig. 1 (a) , is a NACA0018 airfoil machined with Computer Numerical Control (surface roughness: 0.05 mm) using aluminium. The airfoil, with nominal chord length c = 20 cm and nominal span length L = 40 cm, is equipped with 30 pressure taps disposed at suction and pressure sides between 1 and 66% of the chord. The pressure taps are distributed within a plane inclined 15 • with respect to the midspan plane of the airfoil to avoid disturbances in the measured pressure due to the wake of upstream cavities. The taps are connected to 15 Honeywell TruStability differential pressure sensors (range: -0.6 to 0.6 kPa; accuracy: 3 Pa) to measure static pressure data along the chord. The angle of attack α set at the experiment is assessed by comparison with the surface pressure distribution given by XFOIL [23] . As seen in Fig. 1(b) , the airfoil can be retrofitted with trailing edge inserts manufactured with either solid or permeable materials. These inserts account for the last 20% of the chord (4 cm).
During the tests, the model is placed between two wooden side plates ( Fig. 2 (a) ) that guarantee the two-dimensionality of the flow. Boundary layer transition to turbulence is forced at 20% of the chord by means of a trip composed of 0.84 mm-height carborundum elements, randomly scattered along the span ( Fig. 2 (b) ). The turbulent state of the boundary layer is verified by an amplified stethoscope [24, 25] , which discerns between the broadband signature of turbulent wall-pressure fluctuations and tonal or silent characteristic of laminar flows. The system is composed of a Brüel & Kjaer (B&K) 4134 microphone, a B&K 2619 preamplifier and a B&K 2801 power supply [26] .
The streamwise-vertical-spanwise X-Y -Z coordinate system, also pictured in Fig. 1 (a) and (b), has its origin at the intersection between the midspan plane (Z = 0) and the trailing edge, and Y points at the microphone antenna; this system is employed in the remaining of the manuscript. 
B. 3D-printed Perforated Inserts
The perforated trailing-edge inserts are 3D-printed with an EnvisionTEC's Perfactory 4 Standard (build envelope: 16×10×18 cm 3 , resolution: 0.025 mm). The 6 cm-long perforated inserts are printed from root to tip using EnvisionTEC's HTM 140 V2, a high-temperature molding material [27] . Due to the limited build envelope of the printer, 4 inserts with span length of 10 cm are assembled to build the entire trailing edge.
The inserts have cylindrical channels normal to the chord that connect suction and pressure side; these channels have a diameter d h of 0.8 mm. The d h is decreased to minimize low-frequency tones affecting the low-frequency part of the spectra [20] .
Fig. 3 Sketch of the hole pattern for perforated inserts.
The hole distribution is based on the repetition of the squared pattern [28] depicted in Fig. 3 , where the hole spacing l h controls the permeability K of the insert. Two different perforated inserts are studied in the present manuscript: one has a constant hole spacing of l h = 1.5 mm, and the other has a l h equal to 2.9 mm along 1.9 cm starting from the root, and l h = 3 mm for the rest of insert.
The permeability K of the perforated inserts is obtained by measuring the static pressure drop ∆p across perforated samples with same l h as the inserts and thickness t = 10 mm, representative of the thickness of the trailing-edge insert (that varies from 15.7 mm at the root to 0.3 mm at the tip). The pressure drop across a sample of porous material is described by the Hazen-Dupuit-Darcy equation [29] 
where ρ is the fluid density, µ is the dynamic viscosity, ν is the Darcian velocity (defined as the ratio between the volumetric flow rate and the cross-section area of the sample) and K and C are the permeability and the form coefficient. These two parameters are obtained by least-squares fitting of Eq. (1) to 20 pressure drop data, measured for Darcian velocities ranging between 0 and 1.1 m/s [19, 30] . The porosity σ of the perforated inserts, defined as the ratio of empty-to-solid volume, is also computed as σ = πd 2 h /(2l 2 h ). A summary of the characteristic parameters for perforated materials is presented in Table 1 , where the resistivity R = K/µ is also reported for completeness. Since the noise scattering analysis includes a comparison with inserts manufactured with metal foams, a summary of their relevant parameters [30] is also included in Table 1 . Table 1 Characteristics of the permeable materials measured on samples with t = 0.01 m. P stands for perforated and MF stands for metal foam. Fig. 4 , the microphone distribution corresponds to an adapted Underbrink design [31] with 7 spiral arms of 9 microphones each, and an additional microphone, with coordinates (X, Y , Z) = (-0.04, 1.02, 0) m, located at the center of the array. The array has spanwise and streamwise effective diameters of 1 and 2 m respectively. The measurements are performed on the suction side of the airfoil at a sample rate f s of 50 kHz for 30 s. Analysis in the frequency domain is performed applying Fourier transform to data blocks with n b = 5000 samples (T b = 164 ms), yielding a frequency resolution ∆ f = f s /n b equal to 10 Hz. To minimize spectral leakage, the blocks are windowed using a Hanning weighting function [32] with 50% data overlap. To compute source maps, shown in Fig. 5 (a) and (b) for the baseline and the perforated insert with l h = 3 mm case respectively, Conventional Frequency Domain Beamforming (CFDBF) [33] is applied to a square grid ranging between -2 < X/c < 2 and -2 < Z/c < 2 with 1 cm distance between grid points. The minimum distance at which the array can distinguish two sources R c is given by the Rayleigh criterion [34] as R c = d tan(1.22c 0 /( f D)), where c 0 refers to the speed of sound. The highest measured frequency in the present investigation ( f c = 3.15 kHz) yields a minimum distance R c equal to 6 cm; hence, the space between grid points is 6 times smaller than the maximum resolution of the antenna. Due to the background noise levels encountered in the anechoic chamber for the described testing conditions, and the lower resolution of the array at low f , the minimum reported f c is 500 Hz. The removal of acoustic sources other than broadband trailing edge noise is carried out applying source power integration [35] within -0.4 < Z/c < 0.4 and -0.6 < X/c < 0.4 (dashed rectangle in Fig. 5 (a) and (b) ). Similar data processing yielded results with accuracy within 1 dB on synthetic data [36] . 
IV. Results
Noise scattering of the permeable inserts described in section III.B is evaluated through comparison with that of a fully solid one. Data are measured at free-stream velocities of 26 and 41 m/s (corresponding to chord-based Reynolds number of 3.4×10 5 and 5.4×10 5 , respectively) and two angles of attack (α = 0 • and 4.8 • ). To assess the validity of the measurements, data obtained at different free-stream velocities and no incidence for the reference case are presented in terms of Sound Pressure Level in one-third octave bands L p (1/3) as a function of the center frequencies f c (Fig. 6 (a) ) and scaled as follows:
where U 0 = 1 m/s is a reference velocity, and m refers to the exponent for the scaling of far-field mean-squared acoustic pressure with free-stream velocity. In the present manuscript, m is computed through fitting the measured Overall Sound Pressure Level (OSPL) [37] , calculated as OSPL = 10 log 10
to the free-stream velocity as OSPL = m10 log 10 (U ∞ ) + b, where b is an additional fit coefficient. For the baseline insert, the fit yields m = 5, in line with theoretical [4, 38] and experimental results [3] which predict m = 4.5 -5. Data scaled using Eq. 2 (a) and (b) are depicted in Fig. 6 (b) , where they collapse within 2 dB. The comparison of far-field noise scattered by the baseline and the permeable inserts is performed in terms of Sound Pressure Level in 1/3-octave bands L p (1/3) . Data measured for all the trailing edge configurations described in section III.B are depicted in Fig. 7 (a) for U ∞ = 26 m/s and no incidence. To better illustrate noise reduction with respect to the baseline case, relative values
are also shown in Fig. 7 (b) , where positive values refer to noise abatement with respect to the baseline case. As reported previously [15, 39, 40] , metallic foams reduce noise only below a material-dependent cross-over f c . For the two metal foams used in the present study, namely d c = 450 µm and d c = 580 µm, the cross-over is respectively found at f c = 2.5 and 2 kHz approximately. Below those frequencies, larger permeability yields higher maximum noise abatement levels [15] . Specifically, maximum noise reductions of 6 and 9 dB are measured for the d c = 450 µm and d c = 580 µm MF inserts. Above the cross-over frequency, MF inserts generate higher noise than the baseline case, with larger increase being measured for the MF with higher d c . This contribution is generally attributed to the roughness of the material [20, 41, 42] . For the perforated trailing edges, similar features are reported: with the exception of the frequency band with f c = 630 Hz -where the l h = 1.5 mm insert generates a tonal noise-higher permeability produces larger maximum noise attenuation levels (5 and 9.5 dB for perforated inserts with l h = 3 and 1.5 mm respectively). Furthermore, a cross-over f c = 2.5 kHz is reported for the perforated edge with l h = 3 mm. The most permeable perforated insert reported in the present manuscript (l h = 1.5 mm) produces noise abatement (3 dB) at the highest reported frequency ( f c = 2.5 kHz). The L p (1/3) and ∆L p (1/3) curves for the two perforated inserts have similar slopes -except for the tonal noise-thus suggesting a proportionality that is not present for MF inserts, where a cross-over between the two reported spectra occurs at f c = 1 kHz approximately. Similar phenomena occur on data measured at incidence (α = 4.8 • ) at the same free-stream velocity, presented in Fig. 8 (a) and (b) , in terms of absolute and relative L p (1/3) . With this configuration, all the permeable inserts produce lower or similar broadband noise than the baseline case: the high-frequency excess noise discussed above is not measured for any of the investigated inserts. Maximum noise reduction levels are similar to those reported at no incidence: up to 4 and 7.5 dB noise reduction is measured for perforated inserts, and up to 4 and 7 dB for MF inserts with increasing permeability. It is also interesting to note that the tone reported for the most permeable perforated insert (l h = 1.5 mm) at 0 • within the frequency band with f c = 630 Hz is not visible at incidence. For these testing conditions, the previously reported similarity between the slope of spectra for the perforated inserts is also observed; while the cross-over frequency between MF inserts is once more reported at approximately f c = 1 kHz. The change in OSPL with free-stream velocity, shown in Fig. 9 (a) and (b) for α = 0 • and α = 4.8 • , is evaluated. To assess the change in far-field acoustic pressure with velocity, the fit to an exponent m described at the beginning of the section is applied to data measured for permeable inserts. Results corresponding to the perforated insert with l h = 1.5 mm are not shown, since they are strongly affected by the previously described tone. At no incidence, the analysis shows that for permeable inserts the OSPL scales with exponents of the free-stream velocity larger than those of the baseline case. This is in agreement with the analytical solution for a semi-infinite flat plate with porous extension [43] , that yields an increase from m = 5 (solid plate) to m = 6. In Fig. 9 (a) , it is observed that MF inserts increase m from 5.5 to 6.1 for increasing permeability/cell diameter values. An increase up to m = 7 is also reported in Geyer et al. [17] for MF inserts applied to a chambered airfoil. The fitting coefficient for the perforated edge (m = 5.3) is similar to that of the MF insert with d c = 450 µm. Additionally, in Fig. 9 (b) the scaling for these two inserts for data measured at lifting conditions yield similar values. As shown in Table 1 , for a given noise reduction level, they have significantly different permeability (the perforated design is three times as permeable as the MF). Hence, the permeability of an insert can be considered as a good indicator of the noise attenuation performance, but it is insufficient to fully characterize the noise scattering of trailing-edge inserts with significantly different micro structures. This consideration is detailed in Fig. 10 , where the reduction in OSPL with respect to the solid case ∆OSPL = OSPL solid -OSPL perm. is plotted as a function of the permeability of the inserts. For the sake of conciseness, only results measured at U ∞ = 26 m/s are presented (data measured at U ∞ = 41 m/s yield similar conclusions). For the reason explained above, results corresponding to the perforated insert with permeability of 5.4×10 −9 m 2 are only reported at incidence. Increase in noise abatement for materials with larger permeability is exclusively measured within inserts with similar pore arrangement. It is also observed that, to achieve similar noise attenuation levels, the perforated inserts must be at least three times as permeable as the MF inserts: up to 5 dB noise reduction can be obtained employing MF treatments with permeability of 0.5×10 −9 m 2 or perforated inserts with permeability of 1.5×10 −9 m 2 ; similarly, larger noise attenuation levels -between 5.5 and 6 dB-are measured for both the metal foam with permeability of 1.7×10 −9 m 2 and the perforated edge with permeability of 5.4×10 −9 m 2 . Similarly, inserts with comparable permeability -between 1.5×10 −9 and 1.7×10 −9 m 2 -produce remarkably different noise attenuation levels (up to 3 dB difference) depending on the type of insert -perforated or metal foam-both for zero and 4.8 • incidence; interestingly, for these inserts the random micro-structure performs better than the arranged pore distribution.
In view of the present results, other material parameters describing the different pore organization of permeable materials, such as tortuosity [44] , seem necessary to fully characterize their noise scattering. This property would account for additional energy dissipation through viscous effects within the porous material, which might increase noise abatement. The change in the noise abatement with inserts with different pore organization for a given permeability will be further addressed in the future. 
V. Conclusions
Measurements of the far-field noise scattered by a NACA0018 airfoil retrofitted with solid and 3D-printed permeable trailing-edge inserts installed in the last 20% of the chord are performed. The inserts have straight passages perpendicular to the chord that communicate the suction and pressure side of the trailing edge. A channel diameter of 0.8 mm is employed for the two inserts, and their permeability is controlled by changing the distance between holes from 1.5 to 3 mm, yielding permeability values of 1.5 and 5.4 ×10 −9 m 2 . To assess the effect of the pore distribution within the insert, noise scattering for perforated inserts is compared to that of permeable inserts manufactured with materials with random micro-structure (metallic foams). The experiments are performed at free-stream velocities of 26 and 41 m/s, corresponding to chord-based Reynolds numbers of 3.4×10 5 and 5.4×10 5 , and angles of attack of 0 and 4.8 • .
Far-field noise spectra measured with a planar microphone antenna show that, similarly to other permeable materials, larger broadband noise attenuation levels are measured for the perforated edge with higher permeability regardless of the lifting condition. It is observed that, in order to obtain similar broadband noise attenuation levels, the 3D-printed inserts must be at least 3 times as permeable as the metal foam ones. Similarly, for comparable permeability values (between 1.5 and 1.7 ×10 −9 m 2 ), the metal foam insert outperforms the perforated one in all measured lifting conditions. It is thus concluded that noise abatement (both in absolute values and in the frequency range over which noise reduction is observed) is not fully determined by the permeability of the inserts. Hence, additional parameters accounting for the micro-structural complexity of permeable materials should be considered in future research.
